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50 ABSTRACT

51 The X-linked NLGN3 gene, encoding a postsynaptic cell adhesion molecule, was involved in a 

52 non-syndromic monogenic form of Autism Spectrum Disorder (ASD) by the description of one 

53 unique missense variant, p.Arg451Cys (Jamain et al. 2003). We investigated here the 

54 pathogenicity of additional missense variants identified in two multiplex families with 

55 intellectual disability (ID) and ASD: c.1789C>T, p.Arg597Trp, previously reported by our 

56 group (Redin et al. 2014) and present in three affected cousins and c.1540C>T, p.Pro514Ser, 

57 identified in two affected brothers. Overexpression experiments in HEK293 and HeLa cell lines 

58 revealed that both variants affect the level of the mature NLGN3 protein, its localization at the 

59 plasma membrane and its presence as a cleaved form in the extracellular environment, even 

60 more drastically than what was reported for the initial p.Arg451Cys mutation. The variants also 

61 induced an Unfolded Protein Response (UPR), probably due to the retention of immature 

62 NLGN3 proteins in the endoplasmic reticulum. In comparison, the c.1894A>G, p.Ala632Thr 

63 and c.1022T>C, p.Val341Ala variants, present in males from the general population, have no 

64 effect. Our report of two missense variants affecting the normal localization of NLGN3 in a 

65 total of five affected individuals reinforces the involvement of the NLGN3 gene in a 

66 neurodevelopmental disorder characterized by ID and ASD. 

67

68 KEYWORDS

69 Neuroligin 3, Missense variants, Unfolded Protein Response, Autism Spectrum Disorder, 

70 Intellectual disability

71

72 BACKGROUND
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73 Autism spectrum disorders (ASD) are characterized by deficits in social 

74 communication, restricted interests and/or stereotyped repetitive behaviors, often associated 

75 with impairment in language development and intellectual disability (ID). The role of genetics 

76 in ASD is important and if the genetic basis is at least partly multifactorial1, a large number of 

77 "monogenic" syndromes associating ASD with ID have been identified in the last decades 2. 

78 One of these genes, the neuroligin-3 (NLGN3), was involved in ASD fifteen years ago with the 

79 identification of a unique missense variant, c.1351C>T; Arg451Cys, in two affected brothers 3. 

80 This variant affects a conserved residue located in the extracellular esterase-homology domain 

81 of NLGN3 and was shown to alter the transport of the protein and causes its retention in the 

82 endoplasmic reticulum. The greatly reduced protein fraction reaching the plasma membrane 

83 has a decreased binding affinity for its presynaptic partner NRXN1 suggesting that the 

84 Arg451Cys variant is a loss-of-function variant4,5. This mutation has also been introduced into 

85 the mouse, the knock-in (KI) animals presenting no obvious brain abnormalities, even if some 

86 subtle changes in the size of brain structure have been reported afterwards 6,7. An increase in 

87 inhibitory synaptic transmission was observed in cortex while an increase in excitatory synaptic 

88 transmission and long-term potentiation was detected in hippocampus6. As the authors did not 

89 find any alterations of inhibitory synapses in Nlgn3 Knock-Out (KO) mice, they suggested that 

90 the Arg451Cys variant ultimately may behave as a gain-of-function mutation. Only modest 

91 impairments in social interactions were reported in this KI mice6,8 but not reproduced in a 

92 second KI model9, suggesting an influence of the genetic background in the expressivity of the 

93 mutation in mice10,11. Beside this unique mutation identified in human, other arguments also 

94 supported a role of NLGN3 in ASD as NLGN3 expression was found to be decreased in  1) 

95 lymphoblastoid cell lines from individuals with ASD (n=35) compared to control individuals 

96 (n=35)12, 2) some brain tissues from mice treated in utero with valproic acid (environmental 

97 rodent model of autism) 13. 
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98 The neuroligins are a family of postsynaptic cell-adhesion molecules that are ligands for 

99 neurexins (NRXN), another class of synaptic cell-adhesion molecules, located at the 

100 presynaptic side 14. These interactions promote synaptic connections between neurons. They 

101 also interact by their short intracellular domain with proteins of the post-synaptic density 15. If 

102 neuroligins are not required for synapse formation in vivo 16, they contribute to the proper 

103 synaptic functioning. NLGN3 is located both at excitatory and inhibitory synapses 15. A recent 

104 study describes a novel role of NLGN3 as a secreted protein18. The authors demonstrated that 

105 the extracellular domain of neuronal NLGN3 can be cleaved. The soluble NLGN3 generated 

106 promotes high-grade glioma (HGG) proliferation by inducing PI3K-mTOR pathway activity 

107 and activating NLGN3 expression in glioma cells.

108 During the resequencing of several hundred candidate genes, our group recently 

109 reported a promising missense variant in NLGN3, Arg597Trp, identified in two cousins with 

110 ID and autistic features 19 but its functional consequences were not assessed. We report here 

111 the follow-up study of this family and the identification of an additional family with two 

112 brothers carrying a missense Pro514Ser variant. We characterized the functional consequences 

113 of these missense variants, showing that they affect NLGN3 localization and function. 

114

115

116 METHODS

117 Patients and identification/follow-up of missense variants in NLGN3

118 The genetic investigations were approved by the local Ethics Committee of the Strasbourg 

119 University Hospital (Comité Consultatif de Protection des Personnes dans la Recherche 

120 Biomédicale (CCPPRB). For all patients, a written informed consent for genetic testing was 

121 obtained from their legal representative. For Family 1, co-segregation analysis was performed 
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122 in relatives of patient III.3 to test the presence of the variant c.1789C>T, Arg597Trp by 

123 amplification using (NLGN3_Foward 5’- CCCCAGGACACCAAGTTCAT-3’ and 

124 NLGN3_Reverse 5’- TGGTGGTGGACGTATAGTGG-3’) and Sanger sequencing (GATC, 

125 Germany) in DNA extracted from blood. For family 2, Whole Exome Sequencing (WES) was 

126 performed on the whole nuclear family (the two affected boys and their parents, as well as the 

127 unaffected sister). Briefly, blood DNAs were captured using the Roche NimbleGen SeqCap EZ 

128 exome v3 kit and sequenced on the Illumina HiSeq 2000 platform using 2x101 bp paired-end 

129 sequencing. Reads were mapped with BWA-MEM 0.7.8-r455 and variant calling was 

130 performed using GATK 3.1-1-g07a4bf8 software packages, using default parameters and 

131 following GATK Best Practices v3. Variants were annotated using an in-house annotation 

132 pipeline and filtered using population databases (dbSNP137, 1000genomes. EVS & cg69), 

133 cosegregation in the family and predictions of pathogenicity (truncating variants and missense 

134 with CADD score above 25 & predicted to be damaging by PolyPhen2 were selected). Variants 

135 were submitted to ClinVar. All the NLGN3 variants are named according to the transcript 

136 variant NM_018977.3 which encodes a protein of 828 amino acids (NP_061850.2). This is not 

137 the longest isoform (NP_851820.1, 848 amino acids, encoded by the longest transcript 

138 NM_181303.1 that includes an additional exon after exon 1) but we observed that 

139 NM_018977.3 was the most expressed in neural stem cells (data from transcriptomic studies 

140 we performed in human neuronal stem cells20).

141

142 Predictions of variants’ effects

143 All the NLGN3 variants are named according to the isoform NM_018977.3 which encodes a 

144 protein of 828 amino acids. The correspondence in the longest isoform NM_181303.1 (848 

145 amino acids) is given in Figure 1’s legend. The potential effect of missense variants were 

146 predicted using SIFT (http://sift.bii.a-star.edu.sg/), PolyPhen2 
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147 (http://genetics.bwh.harvard.edu/pph2/), SNAP2 (https://www.rostlab.org/services/SNAP/), 

148 MutPred2 (http://mutpred.mutdb.org/)21, REVEL 

149 (https://sites.google.com/site/revelgenomics/), CADD (https://cadd.gs.washington.edu/). The 

150 presence of the different variants in the general population was checked by using ExAC 

151 database (http://exac.broadinstitute.org/) and later gnomAD database 

152 (http://gnomad.broadinstitute.org/) excluding individuals with a 

153 neurological/neurodevelopmental phenotype (“non-neuro” gnomAD). 3D modelling was 

154 predicted from protein sequence encoded by NM_018977.3 (Uniprot accession number: 

155 Q9NZ94-2) using Raptor22 and visualized using PyMol.

156 .

157 Characterization of the X-inactivation profile in carrier females

158 X-inactivation status was measured on blood DNA at the HUMARA and FRAXA loci23. PCR 

159 amplification of both loci were performed on undigested or HpaII-digested (digestion of 

160 unmethylated allele) DNA using specific FAM-labeled primers. Amplification products were 

161 migrated on an ABI PRISM 3,500 Genetic Analyzer (Applied Biosystems, CA). 

162

163 NLGN3 cloning and site-directed mutagenesis

164 NLGN3-001 (NM_018977.3) clone was purchased from Sino Biological Inc. 

165 (http://www.sinobiological.com, Cat. number: HG11160). To introduce the HA- tag (just after 

166 signal peptide) and the missense variants in NLGN3 open reading frame (ORF), site-directed 

167 mutagenesis was performed using PFU-Turbo enzyme (18 cycles with 12min of elongation) 

168 with the following couples of primers: HA-tag foward5’-

169 tggcgctgagggccagtaccTACCCATACGATGTTCCAGATTACGCTcag

170 gccccag-3’ and reverse 5’-

171 actgtgggtgctggggcctgAGCGTAATCTGGAACATCGTATGGGTAggtactg
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172 gcc-3’, Val341Ala foward 5’-aaagagtgccaaggagctggCagagcaggac-3’ and reverse 5’- 

173 ctggctggatgtcctgctctGccagctcctt-3’, Arg451Cys foward 5’- gtgacaaccctgagacccgcTgtaaaacact-

174 3’ and reverse 5’-gagtgccaccagtgttttacAgcgggtctca-3’, Arg597Trp 5’-

175 caagggtccgagatcattacTgggccactaa-3’ and reverse 5’-aaaggccaccttagtggcccAgtaatgatct-3’, 

176 Pro514Ser foward 5’- taccctatgtttttggggttTctatggtagg-3’ and reverse 5’- 

177 gtcagtggggcctaccatagAaaccccaaaa-3’ and Thr632Ala foward 5’- 

178 ccaaagtgccgcctccggatGccacccacag-3’ and reverse 5’- gatgtgggagctgtgggtggCatccggaggc-3’. 

179 The PCR products were digested with DpnI and used to transform competent bacteria NEB 5-

180 alpha Competent E. coli (NEB) by heat-shock. After bacterial amplification, plasmids were 

181 extracted using NucleoSpin® Plasmid NucleoBond® Xtra Midi (Macherey-Nagel) and 

182 sequenced (GATC, Germany) to check the presence of each variation. 

183

184 Cell culture and transient transfection

185 Human HEK293 and HeLa cells were grown in DMEM supplemented by 1g/L glucose with 

186 gentamycin and respectively 10% and 5% Fetal Calf Serum in a 37°C, 5% CO2 humidified 

187 incubator with medium renewed every two days. Cells were transfected at 60-70% of 

188 confluence in 6-well plates using Lipofectamine® 2000 DNA transfection reagent 

189 (Invitrogen®) in Opti-MEM according to manufacturer’s instructions with 2µg of each NLGN3 

190 plasmid. Cells were stopped 24/48 hours after transfection for RNA or protein extraction. For 

191 four of the seven series of experiments, extracellular medium was also collected.

192

193 Western blot and immunoflurorescence

194 For Western blot analysis, experiments were performed in replicates (4 series of HEK293 and 

195 3 serie of HeLa cells). Transfected cells were lysed in RIPA buffer with protease inhibitor 
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196 cocktail (Roche). Proteins were separated after denaturation on a 10% acrylamide gel and 

197 transferred onto a PVDF membrane. HA-tagged-NLGN3 proteins were visualized using an in-

198 house mouse anti-HA antibody (1:1000), and their level normalized with results from beta-actin 

199 or GAPDH staining using specific antibodies (in-house for beta-actin, #MAB374, Millipore for 

200 GAPDH). To visualize the secreted form of NLGN3, extracellular media were collected and an 

201 equal amount of medium was submitted to SDS-PAGE after protein denaturation as described 

202 above. For immunofluorescence experiments, transfected cells, previously plated on coverslip 

203 in 24-wells plates, were fixed with 4% paraformaldehyde/PBS for 20 min, washed three times 

204 with PBS and incubated for 45min in blocking buffer (PBS, 10% fetal calf serum, 1% bovine 

205 serum albumin and 0.2% Triton X-100). Cells were then incubated with primary rat anti-HA 

206 antibody (1:1000, ref 11867423001, Sigma Aldrich) and secondary anti-rat antibody coupled 

207 with fluorescence. DAPI was used to stain nucleus and a mouse anti-KDEL (1:500, ab12223, 

208 abcam) to stain the endoplasmic reticulum (ER). Fluorescence was visualized on an inverted 

209 confocal microscope (SP2UV, Leica, Wetzlar, Germany). 

210

211 Measure of unfolded protein response (UPR) by RT-qPCR

212 To measure UPR induced by the expression of WT or variant NLGN3 protein, we performed 

213 RNA extraction on several series of HEK293 (n=5) and of HeLa cells (n=5) 24h after plasmid 

214 transfection, using the RNeasy mini kit (Qiagen, Valencia, CA, USA) including a DNase 

215 treatment. 500ng to 1μg of total RNA was reverse transcribed into cDNA using random 

216 hexamers and SuperScript IV reverse transcriptase according to manufacturer’s 

217 recommendation. Real-time PCR (qPCR) were performed on LightCycler 480 II (Roche) using 

218 the QuantiTect SYBR Green PCR Master Mix (Qiagen) and primers to amplify CHOP 

219 (CHOP_Foward 5’- GACCTGCAAGAGGTCCTGTC-3’ and CHOP_Reverse 5’-

Page 10 of 31

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://www.google.fr/search?q=Wetzlar+Allemagne&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDQvSclVgjAts4yrtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAJewRmNEAAAA&sa=X&ved=0ahUKEwi0s4Sp-fHKAhXEzRQKHRd7D0UQmxMIrAEoATAR


For Peer Review

10

220 CTCCTCCTCAGT CAGCCAAG-3’), spliced isoform of XPB1 (XPB1_spliced_Reverse 5’- 

221 GCCTGCACCTGCTGCGGA-3’), ATF4 (ATF4_Foward 5’- 

222 CCAACAACAGCAAGGAGGAT-3’ and ATF4_Reverse 5’- 

223 AGGTCATCTGGCATGGTTTC-3’) and BIP (BiP_Foward 5’-

224 TGTTCAACCAATTATCAGCAAACTC-3’ and BiP_Reverse 5’-

225 TTCTGCTGTATCCTCTTCACCAGT-3’). All qPCR reactions were performed in triplicate. 

226 Reaction specificity was controlled by post-amplification melting curve analysis. The relative 

227 expression of gene-of-interest vs GAPDH and YWHAZ was calculated using the 2-(ΔΔCt) 

228 method.  Expression of  the spliced form of XPB1, CHOP and BiP induced by overexpression 

229 of NLGN3 variants were compared to what is obtained for overexpression of the wild-type 

230 NLGN3. To avoid effect due to the overexpression of the protein itself, we normalized the 

231 results with NLGN3 mRNA expression instead of GAPDH/YWHAZ.  

232

233 Statistical analyses

234 For each statistical analysis, normal distribution was first cheked using Shapiro-Wilk and/or 

235 Kolmogorov-Smirnov tests. When normality is demonstrated, a t-test is performed for 

236 comparison of two means, with Welch’s correction to take into account the unequalty of 

237 variances. For comparisons of more than two groups, Brown-Forsythe and Welsh ANOVA tests 

238 were performed in case of normal distribution to take into account the inequality of variances. 

239 If ANOVA is significant, Dunnett’s T 3 multiple comparisons test were performed to compare 

240 each NLGN3 variant to the wild-type. When the data do not follow a normal distribution, a 

241 Kruskal-Wallis’ ANOVA test was performed instead. If ANOVA is significant, Dunn’s 

242 multiple comparison test was performed to compare each NLGN3 variant to the wild-type.

243
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244

245

246 RESULTS

247 Missense variations identified in NLGN3 in individuals with ID and ASD or autistic 

248 features

249 The first missense variant Arg451Cys was identified in two Swedish brothers with ASD, one 

250 with typical autism and ID and one with Asperger syndrome3. Following the discovery of this 

251 mutation, the coding regions of NLGN3 were extensively sequenced afterwards (in more than 

252 1,500 probands with ASD in total, see Table 1). These studies screened cohorts of very different 

253 geographical origins but failed to identify promising non-synonymous variant in NLGN324–36. 

254 The screening of a Chinese cohort identified a novel missense variant Gly426Ser37, but 

255 functional studies performed recently could not identify any functional consequences on 

256 NLGN3 function38. Another missense variant was identified by whole exome sequencing 

257 (WES) performed in a cohort of simplex and multiplex families with ASD, in one boy with ID, 

258 hyperactivity and dysmorphic features (c.1022T> C, Val341Ala), but the authors did not reach 

259 a conclusion about its pathogenicity as no functional validation was performed39. This variant 

260 was afterward found in the hemizygous state in several boys from the Exome Aggregation 

261 Consortium project (ExAC) and its updated version gnomAD, which was not in favor of its 

262 pathogenicity. We previously identified and reported a missense variant in NLGN3, c.1789C>T, 

263 Arg597Trp present at the hemizygote state in one boy with ID and ASD and in his maternal 

264 cousin with similar phenotype 19. We performed a follow-up segregation analysis in this family 

265 and found that this variant was present in a third boy, III.3, cousin of III.1 and brother of III.2, 

266 while it was absent from an unaffected uncle II.2 (Figure 1A, Table 2). All three cousins 

267 present with ID, ASD or autistic traits, sleep disorder, but no dysmorphy or other anomalies, 
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268 except a mild microcephaly which was reported in the two cousins III.2 and III.3. Both 

269 presented with mild ID while Individual III.1 presented with severe ID with no speech 

270 acquisition at 6 years of age. No bias of X-inactivation status was observed in the mother II.3 

271 and the aunt II.5, and only a potential slight bias (FRAXA: 76/24; HUMARA: 80/20) has been 

272 identified for the grand-mother I.1. In a second family, composed of two brothers affected by 

273 non-syndromic ID, autistic traits and language impairment, a family-WES analysis identified a 

274 missense variant c.1540C> T, Pro514Ser in NLGN3, present in both brothers and inherited from 

275 the mother. The two brothers of this second family had normal early infant development with 

276 language development until 18 months of age and then presented with significant speech 

277 regression. They subsequently had a severe disability with autistic traits and no 

278 neuropsychology assessment was possible. 

279

280 NLGN3 is relatively intolerant to missense changes 

281 These two missense variants, like the originally published pathogenic variant c.1351C>T, 

282 Arg451Cys3, affect highly conserved amino acids and are predicted to be deleterious by all the 

283 different programs (Table 2, Figure 1B). They all alter amino acids located in the extracellular 

284 domain of NLGN3. The change of the arginine to a tryptophan in position 597 and of a proline 

285 to a serine in position 514 modify the hydrogen bonds with adjacent amino acids (Figure 1D) 

286 and might therefore affect NLGN3 protein structure. We reviewed all the nonsynonymous 

287 variants present in the general population using the gnomAD database (v2.1). There is no loss-

288 of-function variant in these general populations, if we except a putative splice variant affecting 

289 a non-canonical exon specific to the longest isoform but falling in intronic region in 

290 NM_018977.3 (c.457+639G>A). A putative truncating variant falling in this exon was also 

291 reported previously during the resequencing of X-Linked ID families (c.457+666C>T in the 
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292 NM_018977.3 transcript) 40. Two and half times less missense variants was observed compared 

293 to what is expected (151/376), suggesting that NLGN3 gene is relatively intolerant to missense 

294 changes (Z-score = 4.21)(this metrics is available in the gene constraint section in gnomadAD 

295 v2.1). In total,  139 nonsynonymous changes (136 missense variants and 2 in-frame indels) are 

296 reported in individuals from the gnomAD cohorts excluding patients with neurodevelopmental 

297 or neurological conditions (gnomAD “non-neuro” cohorts) (Supp. Table S1, Figure 2A). Half 

298 of them only (71/139) are present at the hemizygous state in male individuals (9 only in three 

299 or more males). Prediction of deleterious effect of these missense variants, based on CADD 

300 score, shows that they range from very low effect (CADD=7) to very strong effect (CADD=34). 

301 It appears therefore difficult to discriminate, among the variants identified in patients with 

302 neurodevelopmental conditions, those being truly pathogenic only based on in silico predictions 

303 and without performing additional functional studies. 

304         

305

306 The two novel missense mutations affect the level of mature NLGN3 proteins

307 We decided to undertake a study of the effect of the two missense variants Pro514Ser and 

308 Arg597Trp on NLGN3 function, to determine their pathogenicity, compared to the effect of the 

309 unique pathogenic mutation validated to date Arg451Cys (Table 2). We also included two rare 

310 missense variants  reported in males from gnomAD cohorts, as negative controls, Val341Ala 

311 (first selected because it was observed in a patient with ASD41 but finally reported in 7 males 

312 from “non-neuro” gnomAD cohorts) and Thr632Ala (reported in 138 males from “non-neuro” 

313 gnomAD cohorts and found in one man from a cohort of control individuals previously 

314 sequenced28)(Figure 2A). NLGN3 expression level was analyzed in HeLa and HEK293 cell 

315 lines.  A drastic decrease in the level of NLGN3, significant for Pro514Ser and Arg597Trp but 
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316 not for Arg451Cys, was observed for variant proteins. This decrease concerns especially the 

317 mature glycosylated protein (upper band). On the contrary, the Val341Ala and Thr632Ala 

318 variants lead to an expression level similar to wild-type (Figure 2B, upper panel). 

319

320 Missense variants affect NLGN3 membrane localization and its secretion 

321 By immunostaining, we observed that wild-type NLGN3 and variant NLGN3 carrying the 

322 variants Val341Ala or Thr632Ala are localized both at the plasma membrane and in the 

323 cytoplasm when overexpressed in HEK293 (Figure 3) and HeLa cells (data not shown). On the 

324 contrary, we did not detect any membrane localization for the variant NLGN3 with Pro514Ser 

325 and Arg597Trp variants. For the Arg451Cys variant, a weak staining was observed at the 

326 membrane, but reduced when compared to the wild-type protein. This suggests that part of the 

327 NLGN3 proteins carrying the variant Arg451Cys are not properly addressed to the membrane, 

328 consistent with previous report 5. Furthermore, the Arg451Cys variant was found to affect the 

329 correct folding of the extracellular domain leading to a partial retention of the protein in the 

330 endoplasmic reticulum (ER), decreasing the trafficking of NLGN3 to the cell surface5,42. We 

331 confirmed this retention in ER for NLGN3 proteins with Pro514Ser and Arg597Trp variants by 

332 performing a costaining with KDEL, a marker of ER (Figure 3). It was recently shown that the 

333 extracellular domain of neuronal NLGN3 is cleaved and secreted into the extracellular 

334 medium18. We confirmed that we can detect a secreted NLGN3 protein in the extracellular 

335 medium of HeLa and HEK293 cells transfected with wild-type, Val341Ala or Thr632Ala 

336 NLGN3 cDNA (Figure 2B, lower panel). Consistent with the absence of membrane 

337 localization, we could not detect secreted forms of the NLGN3 proteins carrying Pro514Ser and 

338 Arg597Trp variants, and only a residual amount of secreted protein was detected for the 

339 Arg451Cys variant. 
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340

341 Activation of the UPR response

342 It was previously shown that the Arg451Cys NLGN3 mutation  is partially retained in the 

343 endoplasmic reticulum (ER) subsequently causing ER stress and leading to activation of the 

344 UPR (unfolded protein response) cell response 43. This stress was presumed to participate in the 

345 pathogenicity of the mutation44. We therefore tested whether some UPR markers are induced 

346 after overexpression of wild-type and variant NLGN3 proteins. mRNA levels for the spliced 

347 transcripts of XBP1 and for CHOP and BiP, markers of the UPR stress, are induced after a 

348 treatment with thapsigargin, a drug inhibiting the ER calcium pump, in HEK293 cells (Figure 

349 4A). As overexpression of the NLGN3 plasmids, including wild-type one, lead to a slight 

350 increase of UPR targets (data not shown), we normalized the UPR response with the level of 

351 NLGN3 expression (Figure 4B). We observed that Arg451Cys, Pro514Ser and Arg597Trp 

352 missense variants significantly induced the expression of genes of the UPR in HEK293 cells 

353 (Figure 4C). The UPR response was more pronounced for the two novel mutations as compared 

354 to the initial Arg451Cys mutation, which is consistent with the fact that the expression of the 

355 mature NLGN3 protein and the protein localization are more altered by the Pro514Ser and 

356 Arg597Trp changes than by the Arg451Cys change (Figure 2B and Figure 3). 

357

358

359 DISCUSSION

360 The NLGN3 and NLGN4X genes were the first gene described as involved in a non-syndromic 

361 monogenic form of ASD3. Mutations in NLGN4X were thereafter found in individuals with 

362 XLID with or without ASD45, however the role of NLGN3 in NDD was still restricted in ASD 

363 with the Arg451Cys mutation until now. Extensive functional studies have been performed, in 
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364 cellular and animal models, all based on the single Arg451Cys missense mutation reported. In 

365 the meantime, the coding regions of NLGN3 were screened for mutation in numerous cohorts 

366 of ASD individuals, without finding additional convincing pathogenic variants. Systematic trio 

367 exome sequencing of ASD cohorts was also deceptive, as only two de novo missense variants 

368 are catalogued in the denovodb database, from the study by Iossifov et al. 2004 46:  Arg195Trp, 

369 with a low CADD score (18.3) in a patient with ASD, and Arg797Gln, CADD = 20.7, in an 

370 unaffected sib. With two novel missense variants affecting the membrane localization of 

371 NLGN3 and the expression of the mature glycosylated form of the protein, identified in a total 

372 of five affected individuals from two multiplex families and cosegregating with affected status 

373 in males, we confirm that missense mutations in NLGN3 can indeed be responsible for a 

374 neurodevelopmental disorder. All seven individuals reported now with a pathogenic variant in 

375 NLGN3 have had autistic traits. The severity of cognitive impairment is variable in patients, 

376 ranging from no ID to severe ID, even in individuals carrying the same mutation, as similarly 

377 found for NLGN4X mutations. Sleep disorders have been described in the three cousins of 

378 family 1, and interestingly, sleep alterations were observed in the rat model Nlgn3 KO, with an 

379 increase of rapid eye movement (REM) and a decrease in non-rapid eye movement (NREM) 

380 sleep periods as compared to wild-type 47. 

381 We demonstrated here that NLGN3 proteins carrying Pro514Ser and Arg597Trp variants do 

382 not reach the plasma membrane in the cells we used for overexpression studies. This model 

383 indicates that NLGN3 proteins with these variants would be prevented from interacting with 

384 neurexin proteins in the human brain. An induction of the UPR response, illustrated by an 

385 increase of the spliced isoform of XPB1 and an increase of expression of CHOP and BiP, was 

386 observed in HEK293 cells. The activation of the UPR stress and the loss of the mature form of 

387 NLGN3 strongly suggest that variant proteins are stacked in the endoplasmic reticulum (ER), 

388 which was confirmed by co-staining experiments with an ER marker, KDEL.
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389 At this stage, we can only speculate about the underlying mechanism of action of theses 

390 variants. On aggregate we found that the variants we studied: 1) prevent NLGN3 to reach the 

391 cell membrane which may result in loss of interaction between the pre- and post-synaptic 

392 compartments; that 2) they are not secreted which may have an effect on glial cells proliferation; 

393 and that 3) they induce ER stress and resulting cellular response (UPR). The two first 

394 observations suggest that these variants would have a loss-of-function effect whereas the third 

395 one (activation of UPR) would rather evoke a gain of function effect. The interpretation of this 

396 latter result is limited by the fact that this UPR stress is observed in vitro in a context of 

397 overexpression. However,a link between NLGN3 missense variants and UPR stress is 

398 supported by a recent published observation showing that alterations of synaptic function found 

399 in the Purkinje cells of the Arg451Cys KI mice (increased frequency of miniature excitatory 

400 currents) are rescued by inhibiting the UPR response 50. 

401

402 Up to date, the three pathogenic mutations described in NLGN3 are missense changes.  

403 Interpretation of missense variants in NLGN3 remains challenging. Indeed, some missense 

404 variants found in males in the general population (gnomAD non neuro cohorts) or having no 

405 observed effect on protein function37 are located in the vicinity of the three pathogenic 

406 mutations (Supp. Table S1). In silico prediction tools are not sufficient to discriminate between 

407 the benign and pathogenic variants. At the time of writing, 12 missense variants were reported 

408 in Clinvar. If we except the initial Arg451Cys pathogenic variant reported by Jamain et al. as 

409 “risk factor”, our Arg597Trp variant (that we previously reported it as “likely pathogenic”) and 

410 the Thr632Ala (reported as “Benign”/”Likely benign”), all the 9 remaining variants are labeled 

411 as of “Uncertain significance” (see Supp. Table S2). The fact that the NGLN3 gene is located 

412 on the X chromosome is a bias against detecting de novo events (that are more likely to occur 

413 one generation above, from the maternal grandfather) and reporting missense variants in 
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414 publications of large exome or genome cohort studies. Testing the X-inactivation status of 

415 mothers does not seem to be informative. Segregation analysis, including testing of maternal 

416 grand-parents and affected or unaffected males (brothers, maternal uncles) might be 

417 informative but are not always feasible, especially in large cohort studies. Therefore, functional 

418 testing will remain mandatory to conclude about pathogenicity of missense variants for 

419 diagnostic purposes, until more is known about structure/function relations in this 

420 transmembrane protein.

421

422 CONCLUSIONS

423 In conclusion, our study confirms that several missense variants in NLGN3 are involved in a 

424 non-syndromic form of ID associated with autistic manifestations. The three pathogenic 

425 variants studied lead to an absence/decrease of membrane localization of NLGN3, a retention 

426 in the endoplasmic reticulum (ER) and  an induction of a cellular response related to ER stress. 

427
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FIGURE LEGENDS

Figure 1. Cosegregating missense variants identified in NLGN3 in two multiplex families 

with ID and autism

(A) Pedigrees of two families carrying the missense variants c.1789C>T, p.Arg597Trp and 

c.1540C>T, p.Pro514Ser. Open circles represent females, open squares represent unaffected 

males, closed squares represent affected males, wt = wild-type, * = mutation carrier, NT: not 

tested. The patient previously described in Redin et al.19 is the Individual III.3 (B) Evolutionary 

conservation of amino acids at the different positions affected by the missense changes 

identified (451, 514 and 597) across members of the human neuroligin family. (C-D) View of 

predicted 3D structure of NLGN3, with the predicted structural effects of the two missense 

variants Pro514Ser and Arg597Trp.  Side chain changes are predicted to affect putative polar 

contacts (hydrogen bounds) with adjacent amino acids (yellow dot lines).
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Figure 2. Schematic representation of NLGN3 protein and expression of HA-tagged wild-

type and variant NLGN3 proteins in HEK293 and HeLa cells

(A) Schematic representation of the HA-tagged NLGN3 protein (encoded by the NM_018977.3 

transcript) with its different extracellular, transmembrane and intracellular domains. Missense 

variants reported at the hemizygote state in males in “non-neuro” gnomAD populations are 

indicated by grey circles: variants present in one or two males are indicated by small circles 

while larger circles indicate variants present in three or more males. The different missense 

changes studied here are indicated: the initial Arg451Cys pathogenic variant reported by Jamain 

et al. (in red); the two variants Arg597Trp and Pro514Ser (in orange); the variant Val341Ala 

initially reported in an individual with ASD by Yu et al.41 but also present in 7 males from the 

“non-neuro” gnomAD general population cohorts and the variant Thr632Ala present in 138 

males and classified as certainly benign (in green)  (B) Expression of NLGN3 proteins in 

HEK293 and HeLa cells transiently transfected with NLGN3 constructs was detected by SDS-

PAGE and immunoblotting using an anti-HA antibody, revealing the immature form (lower 

band) and the mature glycosylated form (higher band). Quantifications were performed using 

expression of reference proteins (GAPDH or actin) on a total of n=7 series of cells (n=4 

HEK293 and n=3 HeLa cells). Expression of secreted cleaved form of NLGN3 was analyzed 

in the same manner on extracellular cell media for four of these series of cells. ANOVA 

Kruskal-Wallis tests and Dunn’s multiple comparisons test were performed in order to compare 

expression of variant NLGN3 to wild type protein: ns: not significant; * p<0.05; ** p<0.01; 

error bars represent SEM.
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Figure 3. Cellular localization of HA-tagged wild-type and variant NLGN3 proteins in 

HEK293 cells

HEK293 cell lines were transiently transfected with NLGN3 constructs, HA-tagged wild-type 

(WT) or variant NLGN3.) Immunofluorescence experiments using an anti-HA antibody 

revealed the cellular localization of WT and variant NLGN3 proteins (green fluorescence) in 

HEK293 cells. The DAPI staining indicates the position of the nuclei and the KDEL staining 

shows the endoplasmic reticulum (ER) 

Figure 4. Expression of markers of the Unfolded Protein Response (UPR) response in 

HEK293 cells.

(A) Expression of CHOP, BiP and spliced XPB1 mRNA (normalized by the expression of two 

reference genes, GAPDH and YWHAZ) are induced in HEK293 cells after a treatment with 

thapsigargin (5 hours, 1µM, n=3). t test with Welsch’s correction, ** p<0.001. Error bars 

represent SEM (B) Increase of NLGN3 mRNA after a transient transfection of HEK293 cells 

with plasmids containing HA-tagged wild-type (WT) or variant NLGN3 proteins compared to 

Lipofectamine only (Lipo) (n=5 for each condition) (results normalized by GAPDH and 

YWHAZ expression). Krukal-Wallis’ ANOVA test did not revealed significant difference 

between the conditions; error bars represent SEM. (C) Transfection of the variant Arg451Cys, 

Pro514Ser and Arg597Trp NLGN3 proteins in HEK293 cells lead to increased mRNA 

expression level of the UPR markers CHOP, BiP and spliced transcript of XPB1 (results 

normalized by NLGN3 mRNA expression) compared to cells transfected with WT NLGN3. As 

Brown-Forsythe and Welsch’s ANOVA revealed significant difference, and multiple 
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comparisons tests were performed using Dunnet’s T3 test: ns: not significant; * p<0.05; ** 

p<0.01; *** p<0.001; error bars represent SEM.

SUPPORTING INFORMATION

Supplementary Tables

Supplementary Table 1: List of nonsynonymous variants reported in NLGN3 in the “non-

neuro” cohorts from the gnomAD database.

Supplementary Table 2: List of variants reported in NLGN3 in the ClinVar database
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Table 1. Number of individuals with ASD previously screened for mutations in NLGN3

Publication Year N = Population
Vincent et al. 2004 196 Canadian
Ylisaukko-oja et al. 2005 30 Finnish
Gauthier et al. 2005 96 Canadian
Blasi et al. 2006 124 IMGSAC
Talebizadeh et al. 2006 10 American
Wermter et al. 2008 107 Germany
Pampanos et al. 2009 169 Grece
Yanagi et al. 2012 62 Japanese
Avdjieva-Tzavella et al. 2012 20 Bulgarian
Steinberg et al. 2012 144 AGRE
Volaki et al. 2013 40 Greek
Xu et al. 2014 318* Chinese
Mikhailov et al. 2014 143 Thai
Total 1459

IMGSAC: International Molecular Genetic Study of Autism Consortium; N: number of individuals with 

ASD screened. *: a missense variant c.1276G>A, Gly406Ser (Gly426Ser according to NM_181303.1) 

was identified.
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Arg451Cys Pro514Ser Arg597Trp Val341Ala Thr632Ala
chrX:70387358C>T chrX:70387547C>T chrX:70389249C>T chrX:70387029T>C chrX:70389354A>GNomenclature 

(NM_018977.3)
c.1351C>T c.1540C>T c.1789C>T c.1022T>C c.1894A>G

according to NM_181303.1  c.1411C>T, p.Arg471Cys c.1600C>T; p.Pro534Ser c.1849C>T, p.Arg617Trp c.1082T>C, p.Val361Ala c.1954A>G,  p.Thr652Ala

Reference dbSNP rs121917893 - rs878853147 rs749067360 rs144914894

GnomADa 0 0 0 7 138
Grantham 180 74 101 64 58
SIFT deleterious (0) deleterious (0,02) deleterious (0) deleterious (0,05) tolerated (0,49)
PolyPhen2 probably_damaging (1) probably_damaging (0,97) probably_damaging (1) benign (0,13) benign (0,00)
SNAP2 effect (37) effect (40) effect (67) neutral (-23) neutral (-51)
MutPred2 OI, TP, U OI, TP, S OI, RSA, DB, TP TP -
CADD 31 25.9 32 23.7 16.89
REVEL 0.767 0.810 0.769 0.437 0.125

Table 2. Summary of the missense variants tested. In silico predictions of functional consequences of the different missense changes tested in 

this study, assessed using several bioinformatics programs including SIFT, PolyPhen2, SNAP2 and MutPred2, CADD and REVEL (the two last 

ones compile information from the other programs). MutPred2 predictions include: “OI”: altered ordered interface; “TP”: altered transmembrane 

protein; “U”: loss of ubiquitylation; “S”: loss of sulfation; “RSA”: loss of relative solvent accessibility; “DB”: altered DNA Binding. a: Number 

of males from the “non-neuro” gnomAD cohorts who are hemizygous for the variant.

Page 32 of 31

John Wiley & Sons, Inc.

Human Mutation

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


